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It has been suggested that a scalar field with negative kinetic energy, or “ghost,” could be the
source of the observed late-time cosmological acceleration. Naively, such theories should be ruled
out by the catastrophic quantum instability of the vacuum. We derive phenomenological bounds on
the Lorentz-violating ultraviolet cutoff Λ which must apply to low-energy effective theories of ghosts,
in order to keep the instability at unobservable levels. Assuming only that ghosts interact at least
gravitationally, we show that Λ <
∼
3 MeV for consistency with the cosmic gamma ray background.
We also show that theories of ghosts with a Lorentz-conserving cutoff are completely excluded.
PACS numbers: 98.80.Cq, 98.70.Vc
The present accelerated expansion of the universe
seems to be an experimental fact, now that data from
distant type Ia supernovae [1] have been corroborated
by those from the cosmic microwave background [2]. Al-
though the simplest explanation is a cosmological con-
stant Λ of order (10−3 eV)4, this tiny energy scale is so
far below the expected “natural” size for a cosmological
constant, that alternative explanations have been vigor-
ously pursued. A common approach has been to assume
that the true value of Λ is zero, due to an unknown mech-
anism, and to propose new physics which would explain
why the present-day vacuum energy differs from zero by
the small observed amount.
The most popular idea has been quintessence, in which
the universe is gradually approaching the zero of the vac-
uum energy by the slow rolling of an extremely weakly
coupled scalar field. More recently, some less con-
ventional alternatives have been considered, including
“phantom matter,” which is essentially quintessence with
a wrong-sign kinetic term [3]. These models are mo-
tivated by the supernova data, which suggest that the
dark energy equation of state violates the weak energy
condition by having p < −ρ [4].
A serious problem with phantom matter, which is over-
looked in the literature that attempts to apply it to cos-
mology, is that such theories are not quantum mechan-
ically viable, either because they violate conservation of
probability, or they have unboundedly negative energy
density and lead to the absence of a stable vacuum state.
Whether a ghost carries negative norm and positive en-
ergy, or vice versa, is a choice which is made during the
quantization procedure. This choice exists because the
iǫ prescription for defining the propagator near its poles
is not unique, and not specified by the Lagrangian itself.
The momentum space propagator for a ghost can have
either of the two forms
−i
p2 −m2 + iǫ or
−i
p2 −m2 − iǫ (1)
In the first form in (1), the imaginary part of the prop-
agator has the opposite sign relative to that of a positive
norm particle. This will cause the optical theorem to
be violated, leading to a nonunitary theory. That is, this
choice gives a theory with no probabilistic interpretation.
It is therefore unphysical and should be dismissed.
On the other hand, if the second form in (1) is chosen,
unitarity is maintained. The price to be paid is that the
poles in the propagator are shifted in such a way that par-
ticles with negative energy are the ones which propagate
forward in time, so ghosts possess negative energy. This
means, for instance, that a two-body scattering process
involving nonghosts and ghosts can result in an increase
in the magnitude of the energies of the particles. To il-
lustrate this, suppose that the ghost is massive so that
we can consider it to be initially at rest. If the initial
energy of a photon is Ei and it gravitationally scatters
from the ghost at angle θ, then its final energy is
Ef = Ei
(
m
m− Ei(1− cos θ)
)
> Ei (2)
in contrast to the nonghost case where photons can only
lose energy in such scatterings. In fact, there exist initial
energies Ei = m/(1− cos θ) such that the final energy is
divergent. The final energy of the ghost is correspond-
ingly large and negative.
To avoid this kind of problem, one should consider the-
ories where the interactions between ghosts and normal
matter are as weak as possible. However, we must al-
low the ghosts to interact gravitationally, since it is their
gravitational interactions which are needed for them to
have any cosmological consequences, and this is already
enough. Gravitational interactions allow the process of
figure 1, in which a ghost pair and photon pair are spon-
taneously created from the vacuum. The phase space
integral is divergent, indicating a catastrophic instabil-
ity. The divergent nature of the instability can only be
avoided if we impose a Lorentz noninvariant momentum
space cutoff on the final state phase space (more on this
later). Setting such a cutoff at the scale Λ, the creation
rate is, on dimensional grounds,
Γ0→2γ2φ ∼ Λ
8
M4p
. (3)
2We have neglected Bose enhancement from final state
occupancy, an assumption we will verify a posteriori.
Notice that this pathology exists independently of the
question of classical stability of the ghost-gravity sys-
tem, which has been considered in [5]. The existence
of this process is model independent—it requires only
the existence of a wrong sign, canonical kinetic term and
gravitational interaction for the ghosts.
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Figure 1. Graviton-mediated decay of vacuum
into two ghosts and two photons.
An implicit excuse for even considering phantom mat-
ter at the classical level is perhaps the idea that, at long
distances, the scalar field theory is merely an effective
one, whose ultraviolet completion is well defined and re-
spects unitarity. In this way, it might be possible to have
a physical value for the cutoff in (3) which was small
enough so that the rate of decay of the vacuum is slow
on cosmological time scales. In this letter, we estimate
just how low a cutoff Λ is required for consistency with
observational constraints. This question was previously
considered in [6]; but we reach somewhat different con-
clusions, as we discuss below.
To find the density of photons which are spontaneously
produced, we evolve the phase space density of ghosts and
photons in an expanding universe,
d
dt
(
a3 n
)
= a3 Γ , (4)
where a(t) is the scale factor and Γ = Γ0→2γ2φ. The
solution is
n(t) = Γ
{
t
3p+1
, a(t) ∼ tp
H−1(1− e−3Ht), a(t) ∼ eHt . (5)
That is, the current number density is approximately
given by the production rate per spacetime volume, Γ,
times the age of the universe. Most of the photon pairs
have been produced since redshift z = 1, both because
there has been more time since z = 1 than before then,
and because the density produced earlier was diluted by
the expansion of the universe. This also means that their
energy spectrum is not very different from the energy
spectrum produced today; the spectrum peaks at E ∼ Λ.
Therefore we find,
dn
dE
∼ Λ7M−4p t0 for E <∼ Λ . (6)
This spectrum of photons with energy near Λ is con-
strained by observations of the diffuse gamma ray back-
ground. EGRET [7] has measured the differential photon
flux to be
dF
dE
= 7.3× 10−9
(
E
E0
)
−2.1 (
cm2 s sr MeV
)
−1
, (7)
where E0 = 451 MeV. Demanding that (6) not exceed
(7) gives the upper limit
Λ <∼ 3 MeV . (8)
Since the observed gamma ray spectrum involves a mean
particle occupancy which is orders of magnitude less than
1, neglect of Bose stimulation was entirely justified.
We emphasize that this bound depends only upon the
ghost having at least a minimal coupling to gravity. The
possible presence of other couplings can only strengthen
the result. Nor does it depend on whether the ghost has a
potential, so long as its mass is less than Λ. In models of
phantom cosmology, the mass is taken to be of order the
present Hubble scale, 10−33 eV, so this is not restrictive.
The process 0 → 2γ2φ is not the only allowed one;
we can consider also the production of neutrinos and of
e+e− pairs. The neutrinos are hard to observe, so no
good constraint arises there. The e+e− constraint may
be more fruitful, but the existence of galactic and Earth
magnetic fields makes it somewhat more difficult to relate
an incident e+ flux to the extragalactic density. However,
a sufficiently dense intergalactic e+e− plasma would lead
to excessive rescattering of the cosmic microwave sky.
This leads to the constraint Λ <∼ 40 MeV, still weaker
than (8).
Let us compare our bound (8) to those which were ob-
tained in ref. [6]. There it was argued that one can con-
strain Λ < 10−3 eV by considering the process φ→ g φφ,
where g is a graviton. This bound is incorrect, how-
ever. First of all, it arose by considering the “decay”
rate of a ghost at rest, and insisting that this be longer
than the Hubble time to prevent the exponential run-
away generation of ghosts. But the produced ghosts
typically carry energies ∼ Λ, so their decay rates are
strongly time dilated. Demanding only that the time di-
lated decay rate be less than 1/t0 gives Λ < 50 MeV.
Second, the constraint arose by considering an interac-
tion Leff = φgµν∂µφ∂νφ. Not only is this interaction
model dependent; it is actually an artifact of a noncanon-
ical normalization of the φ field kinetic term, and can be
removed by a field redefinition. Therefore, the proposed
decay mechanism does not actually work. Diagrammati-
cally, this is because the total amplitude is zero, as shown
in figure 2. The naive contribution from the contact term
is canceled by the three other diagrams, built from the
φηµν∂µφ∂νφ vertex contained in the interaction, and the
gµν∂µφ∂νφ vertex from the standard kinetic term. Thus
the rate for φ → gφφ is zero. Ref. [6] then proceeds to
obtain the bound Λ < 100 MeV by requiring the decay
φ→ 2g 3φ to be slower than the present Hubble rate. But
3this bound is model dependent; it requires higher deriva-
tive Lagrangian terms. It also suffers from the same error
of using at-rest decay rates, so the quoted bound is orders
of magnitude too stringent.
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Figure 2. Vanishing of the amplitude for a ghost
to decay into graviton and two ghosts.
Remarks. The stringent limit we have obtained from
the diffuse gamma ray background, Λ <∼ 3 MeV, implies
that any theory of low-energy effective ghosts must orig-
inate from new physics far below the TeV scale. There-
fore we cannot invoke string theory, for example, as a
plausible source for effective ghosts. Instead, we must
imagine that they come from a low-energy sector that
is completely hidden from the standard model, except
for gravitational couplings. This makes ghosts look even
more unlikely, in our view.
Another troubling feature is that, in order to pose this
problem at all, we were forced to assume that Lorentz
symmetry is broken. By taking the phase space for pro-
duction of two photons plus two ghosts to be cut off
at some momentum Λ, we have singled out a preferred
frame, namely the rest frame of the cosmic microwave
background radiation. Obviously there exist other frames
where k > Λ even if k < Λ in the CMB rest frame. Such
a cutoff might arise if, for example, the ghost dispersion
relation had the form ω = −
√
k2 − k4/Λ2, which would
result from the Lorentz-violating Lagrangian − 1
2
(∂φ)2 +
1
2
Λ−2(~∇2φ)2. The Lorentz-violating cutoff is necessary
because, if we try to impose a Lorentz invariant cutoff,
for instance on the virtuality of the off-shell graviton,
then there is still a divergent integral over the boost,
with respect to the microwave background frame, of the
rest frame of the (timelike) graviton.
If we demand Lorentz invariance, but want to be max-
imally conservative, then we could argue that a process
with a formation time longer than the age of the uni-
verse should not be considered. This places a bound
on the boost between graviton and microwave frames,
of γ < t0
√
s, where s is the Mandelstam variable (the 4-
momentum squared of the off-shell graviton). Imposing
in addition the Lorentz invariant bound s < Λ2 on the
graviton propagator, the production rate becomes finite.
Denoting the 4-momentum of the virtual graviton as k,
the production rate is
Γ ∼
∫
d4k θ(Λ2 − k2) θ(t0 − k0/k2) k
4
M4p
∼ Λ
10t20
M4p
, (9)
so that the number density is ∼ Λ10t30M−4p . The typical
energy of a produced photon is k0 ∼ Λ2t0; even for a cut-
off Λ of order milli-electron volts, the energy is ∼ 1018
GeV. The dominant mechanism by which gamma rays
of such an energy scatter on the way to the Earth is
γγ → 4e, with the second γ a microwave background
photon; the free path is about 120 megaparsecs [8], lead-
ing to about a twenty-fold reduction in the flux. Arriv-
ing at the Earth, such a gamma ray would produce an
air shower more energetic than any that have ever been
seen. Using current bounds on the flux of such cosmic
rays, less than 1 event per km2 per century [9], leads to
a constraint of Λ <∼ 1 meV (milli-electron volt). Grav-
ity would receive order 1 modifications at a length scale
> 0.2 millimeters, in contradiction with experiment [10].
Hence, we conclude that even under very conservative as-
sumptions, ghosts within a Lorentz invariant framework
are experimentally excluded.
The requirement of Lorentz violation is worrisome, be-
cause it is inconsistent with general covariance. Gen-
eral covariance is the framework for general relativity,
and it provides the gauge principle which guarantees the
masslessness of the graviton. There are also very severe
constraints on Lorentz violation within ordinary parti-
cle physics [11]; and Lorentz violation in another sector
tends to be communicated to ordinary particle physics
via graviton loops [12]. It is also troubling that, to our
knowledge, no consistent construction of a low energy
theory with ghosts from a ghost-free fundamental theory
exists.
These considerations incline us toward the view that
ghosts should not be feared, not because they are harm-
less, but because it is very unlikely that they exist. The
inconveniences of a small cosmological constant seem
much more bearable than those brought on by ghosts.
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